
Abstrml
1 ‘mm missions to Nlals fI)J IIN 1 ‘Y~h launc.1) oppo] tunity aIId l.wymd will require

advanced  thermal control for dwlIt)I liu~ III II ~illimizc  c.nclosIIrc.  ]mss,  ]mvcr  and volume.
An additional requirement is thal  ]ii(iioa i (i\’u Iirfititlg  units (R] 1(1) t~ill  not be available for
future Mars missions. “1’hese SII ict IiqUII CIIX:I  IIS can k accol]}]disllcx~  by itltcgrati~lg  phase
change. material (PCM) panels  v,it}l  act ~Ip{l ill ~l]latioll  it) a stluct lit iii/ [Immal enclosure for
c]cctronics and instruments. ‘Il)c tiuttI}It.1 i] )SIII I [ion hits CXIJ Lmc.ly low tl}c.rtntil  conductivity,
and the PCM panc]s provide the] OM1 (: I j);:~’il;~l Ice. ‘]’hc a(iv~ifw4i  1 ‘(:hl ]);inc.ls consist of a
sandwich panel design with an i ntrl l(k(}  Irt}I, (.: I bon flbcl m c whiclj is [tlkxi  with a suitable
phase cllangc  material. ‘1’he fit~ls  I)J()\idi  sI] Iwtuliil  stiff] less, a I l(i ] )1 L’VCJII the PCM from
fcmning  voicis cm migration of voi(i~  l):} ctij)i  liary  acti(m. W’ith IIIIS (i(si!,rl, a I’CM nlass
fraction of70%  has beem achimcd. IIlcit]iic(i ili this dcsigtl is a ciiwi( IIcat pipe to recover
thcmal  enerf,y  from radiators t)] otilcl  Il(”ilt w lurct’s. ‘1 “his COIK:C])I lIas km validated as a
Warm lllectronic  Enclosure (WJ :i 1) ill sii I IIIl:It I (i Mats r.t~~’it(}Jll]lc.]-itiil  {’ol~(iit  ions. ‘1’he WEI{
used doctecanc as the phase cha[l~,c  l~l[(cl ial imlidfliquid  tmilsition at -10 “C). ‘l’he WIX
consisted of a thermal insulat  io]] clI(losI.11  L VII [1 I six I’(’M ]wn(’]s o]) tilt. ilitcrior. One of the
1’CM ptinel had an intcjyated  [ii(xic  i)~,it ~lijl. ‘I”hc Mars N to]] vac(l[ltl)  environment, ancl
the diurnal tclq>craturc  var-iat  iotj fI (HII o tt J X() ‘ C  weIf: silnulatc.(i. ‘1’tlc Wl{l  1 was able to
maintain interior tcmpcmt urc.s  Mi tl i i i I .1/. 7(J ‘]C f{)] a sill~lll:tt~’ii  X Walt ])cak e l e c t r o n i c s
power, and from (F’ to -30 cl’ I“IM a S, III ILI1/ 11.d (J.4 vti[t ]w;tk clwtlt~t~ics power during
sunlight opuations.

introduction

“J’he Martian environment ]JIuvld{s  ii very wide ~rarialiot]  in ill Ill)iCllt  temperature
from dayto night, Grotli~d  tc]]li)c~i tt~llti, (,ill~(. acliasl]ig,  h t{s-~(l”’(~ (ill]  il~{’, tl~cdaya~~dgo
dowJl to 160 K at nigb[ dqxldilly, WI l;il I~II[ic al)tl tim( Of }’c:{l  (l). N40s1 electronics
developed for }iarth applicatio]l  r(x!~lilt {}j)~[,tlil]g  tclnj)crallll(’.~  ill tllc Jtlllf,C  -40 to 40 ‘C,
and have limits for survival it] CXII(.111:’ [~tlll~~’.rattitcs. While. it is IIojmd that some day,
special electronics willbcde~~c.l(~]]c<i  \\Ti(l~ c.111  s~]l~~iI'cl  (~\}t<`]]~jJclil [~ll<sal]d  ]>ossiblyeve1~
opcratcat  lo~vtelll]>crat[lres,  tl~tcolltir lllili~”  il(ssll]c.t  od[ivec  {lsls(lo~’.l]{)l}”  spnce missions
usually implicsthat  low-cost st;tlidald  ClrLtI(>  licsdc.vclopcd  fern.m]~ t(lll])cratllreC)  ~Jcrdtioll
will be employed on fututt  MaIS 1,:tII:iI.Is. IT) a(idition, otllc.t col]llmcnts,  pa~licularly
batteries loscpcrformanceas  IiIC ItIIIlCI,iII.:l,. is lowrred lw.loMI -20 Y:, and eventually
become. non- opcmblc  at very low tt~ II}),J ,11111 ~s. ‘1’he]lfo]c,  ]~rotcc[illj’,  ckxt ronics, batteries
and other components from Ii IC 10V, l[:]il~)cl;[turc  Ilij’ht ctmii(mlm’111  is a critical need of
Mars missions. l“~or  the \~ikitlf ) .;lt~iicl>, Willw] t, c(,ai, coII(iII(:Icd  evaluated foam
insulations, fibrous, powde,]s and  lI)ulIIi:tjItI insulation (All J) fw tlI(IIIml control(2). “1’he
result of that study was the ]NiIIIaIy (IW (}I scil:ral i]l:l]cs of foalII ins[ll[ition  and some MI.1
on the Viking landers. Ot})cI Slllci ic. of !1 (>.rn-ml  contr( )] fo~ N4als in that time period
assumed a foam insulation of 3 to 4 ill( l~ts tlll~.k  for ]).)tcn~ial  M;(Is ]Ilissions (3,4), as well
as considering phase  chansc ]natc]i;ilf, }1[ It pil)cs, IOUJTIs ;tl](i ()(1 ICI themal  cont ro l
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hardware. in those studies ttlcy did n(}t t[;:vc scveIc constraints  or) mass, volume or
power. Future programs propow s! J1;lI 1 (:I, III )IC n)ii\s, ]X)V,’CI at]cl ~rolil[l)e.  limited landers.

NASA currently has plans I() I: III IICI! I nissions to ]Ilme a lander  or other scientific
instruments such as surface pcnclt;itors  ml Allrs it~ 1996, 1998, 2001 and 2003 and 2005.
Future Mars 1.anders will draw thcil })[WICI  fron~ ]jhotowdtaic  CCIIS arid have batteries for
reserve power. As a result, si~,[li(l(x+.1 II lK)wrr will o]jly I ~ available. (iuring sunlit hours,
which will vary depending on l:in(iir[~’,  I;II II LId I and [imc of yea]. \Vhilc batteries can be used
to provide minimal power over ~li~}lt ti][ powe] thry can suJJi)ly i s  l i m i t e d ,  a n d
furthermore, they must be prolec[txl  j t (M n Iiry low tempt] at urcs at night. It is exactly
when temperatures are lowest IIlill IliL’ Ic.j<l I)[)wcr is available for hca[e.rs  to maintain the
warmth of key compcments.

In order to cope with this ]uot~l~nl,  III{ MirTs l’athflnder  lnissi(m to be launched in
December of 1996 will house clc~[ro;l)cs  :iI Id ba~tcrics w~thin cIiclosuws  which are very
effectively insulated. The MaIS Rovcl  oil tl III missi(m will include Radioisotope Heating
Units (RHU’s) which provi(ic 2.8 \Viitts of continuous }wa.tirlp,.  RIIU’S produce a
considerable amount of heat fo] thcil w l.’ij?ht  ~- 1 W pcr SO g). Ilccauw mass and volume is
limited for rovers, the Mars Rovc[ v~i I I usc ilcrogc]  as in~uiatiorl  iii i] structure called the
Warm Electronic Box (WFII) (5,()). 1 Iowcl{:r,  Rlll J’s alc no IOI)FCI being produced and
arc not expected to be used for aII)I t UI UTC \J. S. nlissiotls. ‘1’his ])ii]~I  will discuss an
approach for maintaining thermal COJIII’(  II of c It’c(ronics for lilnitc(i  power missions without
RI IU’s. The pr imary appliciltio]j  ;ITt l;tIKicr based sciunce j)lii[ for Ins and independent
stationary scientific instruments surl) ak jxwc II .itors OI prqmsc{i  in-situ resource uti]imtion
(lSRU) chemical generation pliifltS

Without  R1lLJ’s to plovi(lc iIi’:tI o+{m~igtlt, such wfal I] 1 electronics enclosures
(WEII) on lander based scicn(c platf(u! I IY VI Ii F,O throup,h VC.1)1 wfklc temperature swings
during the diurnal cycle. ‘lkIefo Ic, ]l(lst-  I ~N8 Nfars lii~]d~is  fiwc a ]mtentiai  c r is is  in
thermal control. Based on rcccr]( loo:iclill:  I-u l]lduc[rd at J}’I., it is bclicveli that one way to
provide. thermal control in the tit~sc]l(r  t }1 RI ! [ 1‘s is to employ  a dcsi[:i]  itpproach in which a
thernliil  capacitor is used. ‘1’hc the] i I Mi (i[l]~i[  i~or is cl]il.r~,c(l  I)y }]~ilt collccttxi  (iuring the
day when the sun shines, and ttle ttltwrii  ~ii~~.i[>itor  is ciiscl)arg,c(i  by ]clcasing heat at night
to significantly reduce the diur[lal  1( I [ Ilx.’r<tt  ut [ ~tuiat iwl in iilr elccti  orlic+attery  enclosure.
There is a ready source of heat  CtLII irl~, LIIC (ii y kc.ittls~ die ~holovol[aic  arrays associated
with the lancier operate above  10011 I Ie II)JIrI:I [1.Irc , ill)d the W uctufc ftll tlkese solar arrays
may be regarded as a(iditional heat SOLII L(S 1( II OUI ncc(is  during  t}ic.  diiy. Themxd energy
can be stored efficiently as latent lIC:II  {~f fIISI( m in a ])has~-(hiing~  n I:itmial (PCM) which
undergoes repeated cycles 0[ IIWII  III;; iill(! soli(iifi~”iitioll  when hca.tcd and cooled to
temperatures above and below the 11 lil:k’1 Iii I I l~elt  in[; tcrrqw] at we, 1 M&cane  (a paraffin
wax), with its melting point of at~wt  , 1 () ‘(l al”lcl ~,ocKi C1’ys(a]]izfition  tendencies, is a
possible candidate for our appliratiotl.  11 xic.  iil)e hi~s ii Iatcnt heat of fusion of 263.5 KJ/g.
Ileat can be transported from the so];+r il[l,iys  10 the I’(’M vi[lli[~  the enclosure by means of
a miniature heat pipe filled wittl  iit] (}I ~ilf~]i  v (Irking fluid such as tmtarw.

I+VCII  though PCM is a VC] jr ii])~){l  li[~{ il~p~oi+cl]  to serve m t t lc d]ermai capacitor on
pii])cr, the application of PCh4 fo] }I(itt s’,{.)ri: :C has km probleilui[  it for several reasons.
Chic is (hat it is necessary to su~)l)ly  :IIId ItIIIC~L(:  hci{t flom all lIaIts [lf ttlc ]) CM, and this in
turn requires good conduction Ilca[ tlit[l.fti V, ithin the bulk of tllc }K’M. Secondly, there is
iilways it signillcant  change in ~ol~li  ] w villltr  ii material mcl[s o] soli~iifies,  and if the voids
left by a previous soli(iification ar( no~ j :iir ]j (I I]ifo]]]dy distribute(i,  laIgc stresses can build
up locally upon subsequent nwltirl{’ ii 110 voItis arc. awiiliitdc.  to a lc~,iw~ of PCM to allow
volume change. “1’hirdly,  Illiill)’ II I; IIth I ii] 1~ I( I Id to supc.rtwol l~]ow tkir melting points
without crystallization, unless nuclc:!tic~:l  sit(’~ iiR ]mxcnt  as crystallization  starting points.
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Energy Science Latmr,itw irs, III(. ( 1 1S1 ,1), has dcvclopcd  a unique solution in
designing the structures for I)(M4 ])iil~cl; itlli~h ovcxc(mm  these. thrc.c problems associated
with using PCM as a thermal ca~);tci[(~l 1[ in) OIVCS  a netvt)l  k of hi~ll  thcnnal  conductivity
carbon fibers which occupy pcI hal)s 5(} of [i vol LIInc., 1’(IvI is poured in to this matrix,
which holds the PCM with capillal~r  f~)[t”cs Hea[ tlii[lsf~rtl~]~)[l~,tlotl[  tile.PCM region is
mpiddue  to the network of carlwJl fil>,:ls. \:oidstetld  toco]le~lat  frlwr tips and thusget
distribLlted  fi~irly tlnifornlly  tllr()Ll~,llt)ll  tl[llrl}~llkof  the PCM, l;ujthermore.,  the fibers also
act as nucleation points for sc]lidifltitti(lrl, [I}us reducing suprrcwolinx.  We have used this
material inollrsysten~ foral~if,llly(  ’fj’l(icllt I’(’M }Ie,at sto]ii~c..

Experimental.

A generk design apprwrl] lIas tww devclqxzi  ald  tcsttxi  utilizing  phase change
materials (P(:M) and adiode.  twt ])i]}t  (1)111)/  LO achicw  thcrtnal  contlol of warm electronic
enclosures that will ll~ainttit~  clccll~)l~i(.s.  Iutt[t[ie.s,  and insttul]mts  I.rtv,rc.cn  -40 to 40 T for
future Mars ]anders. Aphase. c}l[]!][’,c  lll(~l~.]iil (e.f,.. l’arat’li]t  wax- 1 Mecane)  wa.. used as
the thermal capacitor working itl c{)]l~urkti[  }]] v,rith a diode heat pipe (Jl~]tanc  as the working
fluid). This was experinlenta]]j’  lcslci! 10 (!CI I !:msLJ ate. the] Ind bllflcliflx of a typicai  warm
elcctnmic  enclosure for tempe.]mll  c I’;II i;lliol  1’, fol ii ]nici. lalitudc  N4:\rs mviralment.  ~le
advanced PCM panels consist of ;I s;ilicli~  ~ctl jl~inel  design with an intt’l  locking carbon fiber
core which is filled with a sui[ablc  ]}ti;lsr cll;iuge  matcrifi]. ‘1 ~Jc f] tkls provide structural
stiffness, and prevent the PCM fjolll fo~lt~jllg  voids or ]nig,la~ion  of voids by capillary
action. l;or the panels used in this test, (IJ(,’ 1’< ‘h4 maw frwtion was 54%. With this design,
a l]CM mass fraction increase to 700(”  li;is t x“~ n achieved,

A sclmrnatic of the Wl;l’, a] i~i tllc) ]t ]~1.~wple  locations arc shown in };igure 1. This is
a prototype e.le~ttonics  enclosu  J c. (x}] 1 \ iQs of six J)Ch4 panels, onc of which has a diode
heat pipe. I’he PCM panels WCI c cllclo~c~.i  it) ar~ irlsulativc foam lwx. 1 t was tested without
any electronics inside. lnsted,  the cn,h VW] c was p] ovilid  with alu~ninum plate masses
representative of missial  ckxtlul  1 ics, ;tll[i I };it[elic,s,  fespc.c~ivc.]}?.  \/ftT i able. power electric
heatelx  were used to simulae elcc[]t)l] ic [JC)WC duty cycles wc.re i;) nwunttd  on these plates.
All tempcrwure  measurements WIC]C IIVI:I(; w)~tl thcmnmou])lcs, Sixtc.ol ‘1’ype E (ChronxA-
Constantan)  30-gauge thermmouplcs  wt.] ~ llsrd. ‘l”hc total lrlass of ttw PCM panels in the
WEE was 950 grams, and a781 #, Jiil  Jl iiluiJl])rim block wits inc]ldwl  inskk to simu]ate the
thermal mass of electronics. A rcsisli]c tlc;~icr  was. attached to ttlc aluminum block. A
second reference box was HISO c’oll~li  uctt  d. ]1 itlclu(icd  ~~d  #,J titns of a]uminum  to
represent the. PCM thermal mass al Id ho{) 11,[ ;ltns  of al umil~um to t cj)msent the electronics
mass. It had a total of five tklcll~)ouc}tl~llts,  {Jtlc on tllc  illtcrior  IIcatc.r  block, and two on
internal surfaces, and two on cxte.r rt:tl SIII l;~c(~, A h4iflco fllln i)cfitcr is attached to the 800
gm aluminum block. The Rohaccli  foij I)) Ix)\ }ias a mass of 355 grams Iloth the WEE and
the refc.rencc  boxe were cove.JL’d i!i[ll ;il ill ni’1 ~lm foil to p ovicie  a low wnissivity  exterior
surfaces.

‘Ming conducted cxmsis!c[i of tltcr[ll,l cycling at afllt]icnt  atl]r(wphctic  pressure with
variable power levels  Subsequent tc~[il 1}: ( )f tlI(’ W 2: {wnsistcd of a lnorc exact diurnal cycle
reproducing the Mars ] O torf a~~lbit’1~1  ] :II(SSIII L., than d ctwimnn]cnt,  an(i variable power
duty levels  “I?]e one atmosphrlc  trils txu]d ~ 1 [’ted showed that the luincl  performance are
repcatai>]e  over a large numbc] of th(mf 1 l~;ti cycles. q’his tcs{i[r~  IIlrasured temperature
excursions to assess PCM heat t];{rl~fc~ ilrlci  ,.llhel’ rt-]cvant  pllysic[il  pro]) crties such as the
melting /solidification tempcl aturc’. ‘it I is ;1 so cicllmns[ra~c.d fat)l i~.iition  and materials
compatibility of PCM panels. ‘1’hc J(’SL  1(~ of this Icstirlg  will not k’ ]]lcsct-tte.d  here.



The simulakd Mars e.r]~’ilIull]i;llL;]l  t{ Sling of dlc V’ill; arid a rt.(tmnm enclosure was
conducted in a 0.9 m diamem x 1 R llJ tl(~l imntal tller[llid-  vacuutll cllfimber, The diurnal
cycle was shortened from 24.6 ll{~llrs  tI } ?4 IIours, v,’ith s~]r)rise Occurlirlg, at the 6 hr mark
of our test and sunset occurring at 18 IN 1~ tint of our CJUIC. ‘J”hc conditicms  for a 24 hr
diurnat cycle matchd  the ten~pcmlul  c ])] of”llr II M tic Mirs l’~thfindct  lal)ding site and had an
ambient pressure of 8 torr N2. ‘J”lw [w,) t:ncl~}sures  were. suspc.ndc.d  itl the center of the
chamber. The WEE was to the. rur of t~)c cl I:imber,  w’~th the. he.[it pil~ cxte.nding  vertically
from the bottom. I’he referemm box WJS ])la rd in the fore.glound. ‘1’hc temperature profile
is shown in Figure 2. The Mats di[lt ll:tl IC]J 1 )cratut  e cyclr  was ltywitcd for three days, at
which time the chamber was war]ll{’(! (III iind ( )pcmxi.

Power profiles were ap])lic(l to {Ii,, h{ .tlcrs to simu]atc  expcclcd  }leat  rejection from
electronics and internal heating. ‘1’tlcsc lII(~:”Ile.s  arc sin)ilat 10 I)IC Ilcat  from t h e  M F E X
Rover (5), scaled down to matcl}  III( t I il lwti ~ions of the WI O:.. ‘1’~+w heating cycles were
used during this test. The fkst bcitlp,  N ‘t$’:tt [S 1 oaxinwm  powc.r  fol tl]c first day of the test.
For days 2 and 3, a maximum of 6.4 \’\)il (~ ~as  applied. ‘1’hc povw] supp]ied to the WI%
was split with 62.5% of the. pouct  It) IIN! ~nterl)al alurninun~ I]MSS, and 37.5 % of the
power to the diode heat pipe. } ‘OJ (}ir Icl(:lcm:e.  eludosurc,  all heat  wtis to the internal
aluminum mass. Power to tht’ hc::tt-rx \~’ii~  11 Iitiatcd  at thr 6 hr ]mirlt of the diurnal cycle.
The power to the heaters was s[tq)]w.d LIp [() full power in tlmx OI)C h(n)l increments, with
full power applied for six houls. ‘1 ‘ttis w:~f f( 11 Iowcd by stcppilig down the  power in three
one hour increments, with pow’et {)fi {it tllc 18 hI point, ‘1’t w total heater energy applied
during day 1 was 72 W-hours, WllCti>;+L, j(H c~Iys 2 al]d 3 the. to[;~l  tle.i~[~r  energy was 57.6
W-hr. I;igure 3 shows the. itltel  []al tl.tlllxr,llurc profrlcs itlside ~hc Wll}; and Figure  4
compares the tcmpcraturcs  fro] 0 I})c IL.I (;tt’m ( box f(.)] the. tl]rrc day tcsl

For the initial conditions of [tic ~t~t, IIIC shro~ld was C{ WICXI to -80°C under 10 torr
vacuum, and held at these comlitiolls  11 H () III )urs. }kM refcmnce, all tinws will be referred
to the 24 hr shortened Mars l)iunlal iillw s(:~l(:, wilt) sunrise occulrin:  at of 6:00 am, sunset
occurring at 6:00 p.m., and nlidlli~,l]t  (>.c.lrl  i II y, at the 24:(K1 point. ‘1 ‘hc anibient  temperature
and interior electronics power ]m)fllc. v a< tli(. 1 i initiated at t hc hfiitl > equivalent time of 6:00
am. IIuring  the cooldown, die IIltt I IIiil ICI mpejat~ltes  wachc.d -1 ()”C, the solid-liquid
transition temperature of dcxlcca tic, t h e ’  ]Ihlw (:ha I”lg,c ~natcrial  in ttle I’CM panels. All
internal temperatures were closely I:rul IqI:d v I thi~~ ~. 3“(;. })c:ik ]xm’cr of 8 Watts occurred at
9:00 a]]), al~d remain~ at pMk ]K)\4’uI ut]til ‘~:(~ IJIII. “J”IIC  intc]  i(~r ~(’[npe.rature  reached a
maximum of 18 ‘C. This peak tl’]~ljxv,ittlw  ( ~t’currcd at tllc  cquiv:ilrlit of 3:00 p.m. Ile
interior had cooled down to 10(’(’ aI I(i Ix’}1 ;in the jhaw chtwigc  iii alxwt midnight. “Ile
transition lasted until 4:30  m, fm {I ci(II:ili(l: of 4.5 hours, ‘1’hc lo~~est  internal temperature
during the first day was -18 0(, o;cu] J llJ ~1 at }L:30 aIII into the semtd (lay.  ‘1’he total energy
used for heating during the fil S[ (lii~ w, Is’ ‘/2’  v att- hours.

I{valuating t h e  p e r f o n  Ilarlcc of [Ilc WEi: at 2 IXWCI  kw]s provided  a ktter
understanding of the phase transiti{~~ls  c[,r)ll li~d arourld the Incl[in:j lx~int of the dodecane
phase chan~,e material. Agair\, fol t~lc  SC( {Ind dzy the. intc.rim  tclni)cratures  were  wel l
grouped within a few degrees. I {)[ IIN IC!vl’cr  heater ]Nm’cl  levels, a thermal lag was
observed between the thennocoul)lt  011 ~ t K I t Itcri{)l  surface am] t hc then no couple between
the PCM panel and the wall, ‘J ‘t l{’ II l;tli  rl !Iil n interior tcln?mli(ulc observed was -3°C at
about 1:00 p.m. I’he interio) CW)I(X1  d (Ii i n~: [1 Ie aftcn KXM) ard t~~,an  tt le PCM transition at
10:00” p.m. l’he transition Ias[cd llntil  ~’ (KI am, for a (iuration of” (} hours. ‘1’he lowest
internal temperature was - 25c’(~, ullitl ().cL)T 1 cd at 8:00 arl]

~’hc  third day had the sa~l]t  lN}U {r ii Nty cyclrs as the sccc~tNi day, and the WEB
pm-formed similarly. l’he nwxill  I(III 1 i]l[tl  11.d  tcnl~mtt~lrc  was - ST which occurred at
about 1:00 p.m. The phase cti:ir~;!r t]iillslti(~ll t~:,an at 1O.(K) p.1}~, an[i lfis~ed until 4:00 am,
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for a 6 hour duration. The mlclcs I il][c[il~ !CI 1,~xmi[urt’  WJS -28’](>  aI 8:30 am of the fourth
day. “l’his is a lower tenyxmtllre  tlml] M iis i hservrd  [hall d]c tnorning of the third day,
because no additional interniil  powtl W(:S ]~r~~+  iclui.

The interior and exteriol tcl]]]~~l  iltlll  cs +mved  ii good dc.g[cc of rvpcatability during
the test, “Ile panel with the heat ]lil)c i~a~ a I ways the warmest, with the side, top and
bottom pane]S having a Sllla]l thcv Ill;+l  liig.. In gellcral,  all ]mIIc.ls were well coupled
thermally. During the first dtiy, the illtcI o{il  :1 ;+dients  were less than two degrees cluring the
phase transitions. The largest inttv  lial  /;,] ,tdit nts occurred durin{: the I) dting  of the PCM
material, and were observed on the I)aI~I’1 [Iml had thel mocou~dcs  i’), 8, 910,  and 14. ‘IIe
largest gradient was 4 CIC.F,  JCCS ac~oss [h I’(N panel dul irlg,  Inc]ting  be tween
thermocouples 7 and 8, with less tllail  ,1 f )~]c degree gJiidltllt bclwcc[i tlm top (TC W) and
bottom (TC +/1 O) on the interio] sur f“auc ml t h{ I’Chd p:irwl ‘1’his ir]lj)lics  that the dodecane
melted uniformly from the inte]  ior It) [Iic rx(ct ior. Fo] the MXXmi and third days of the test,
the gradient across the PCM patd dcrIcawxl  [!.> two dc.grccs bctwcrn  tlmnocouples  7 and
8 during the freezing of the P(;M :31 d Wiis j ( lur de.~~,rces dm ing the nmlting of the PCM.
The gmdient  across the insula(i(~[l  ~i~$ : n]{x;llium of ?3°( d~llinf,  racll of the three nights.

Study of the performtillcc of tlm ~t”l[lcncc.  box hcl])s ill bctlcr  understanding the
advantages of including the PCh4 ])i+~[( Is to J I ockvate kn-q)c.r atu]cs within the WEE. For
the reference box during day 1, the n]:~~ 1 r] ) L)fi 1 intein;d tcnl])craturc. wcs cm the heater block
with a temperature of 59°C. “J’liis (Kx:\lJ 1 t’~.~ II. ;II the. c.Jd of the ~wak power for the day. ‘he
maximum surface ternpemt arc was 33 ‘(’, wilt) ] O degree. gra(iicl~t  ar[oss the insulation,
The lowest internal temperature (iur ill~,  IIIL: ni~’ilt  WiiS  - 400(’. 1:01 the day the total variation
between the warmest and coldest tCIJ)~L’J’ij~ IJrt- was ~~(’(;. I k+ys 2 and 3 bchavut similarly,
with no noticeable difference in thci{  lwl]avi(~; ~’hc maxin Ium in~cl  J1al temperature of 44°C
was on the heater block, with the hiy,llc\t  ) t II( t i or sur~~ce  t~[~i]~~ii~l]r~ of 25°C. The lc)west
interior tempermres  were -40 atld  .1 J“{’ rtspectil’ely  fo] days 2 arid 3. The gradient
across the insulation decreased to ~{’(~.  ‘I’lic t{ )~iil variation Iwtwc.c]l  ttlc mrannest  and ccddest
temperatures were 84 and WC’(’ fo] day~  2 am i 3 rcspcctivcl y,

The experiment clearly de!] ](M]S!W[CS  lllat  the l’ChO panels pl~n’icle  for moderating
the interior temperatures. lI)c  ]mxiti~tlul  ~cil]]~crawre excursion of the WIM was 34°C for
day 1 and 23°C for days 2 and 3. ‘1’]]is is si:~lificantly lowel than ttic 99 and 40 and 42°C
variation for the reference box. It i, ol)~ i[)us that  this significantly reduced thermal
variation minimizes thermal stI C*SS LJII c IC.. IILI ~ics, clcxtticfil  i:ltcr~wrlJwts and the batteries.
This is a significant feature w1)c.11 dtw Ic)])illj  ir~strl]i~lcnt~.tic)rl  tl)iit ]l~us[ have an extended
life during future Mars missions.

I ;inite.  1 +mmnt Modeli~

‘l’he objective  of developit~~  :1 ~ lrl ilc ( ICJIMYJI ]nodcl  (1;11N4)  of” ttlc warm electronic
enclosure design was to use. the 1 J .M to ful Ihcr dt:vclo~l  anti optin~i~c  tl]c design c)f the
WEE The WEE was modeled Ilsi [l{; /\th’S}’ S finite clclJm~t  soft Wiile.  (he half of the
physical test enclosure is rnociclcd  tx. :il)w ~ )f the synmlctry  of the design. The FEM
model accurately represents the dill ]cn’.i(~lls  :itld r]lfito ial ])ropcr ~ics of tllc WEE enclosure
as evaluated i n  t h e  8 toll t}lcl ltcl v;+{ ~iu]n tcsl diwussc.d  e a r l i e r . ‘l’he properties
incorporated into the FEM nmicl  iJIL’llllk.

●  The dodccane  phase-chal~g,u  C(MIIIKJiIII(i cl )Iltaitlcd withil~ [he  l’(’h4 ~)i~l~~ls  of the
enclosLJrc.

● The Rohace]l  foam used as ill~ulii[il  In fol tl]e.  cncl~wrr.
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.

● ‘l’he aluminum exterior ernissivity  sl~ I’a(( of the e.r)clos[uc.
. The. interior heat source arl(l tl~c hc+tcr  :il~lllied  to IIie diode,  heal pi]~.
. Convective heat transfer betwccrl  II}(: 1$’1 I: an(i the tes[ c}larnhet.
. Thermal rxiiation exchangr br[it’c{ 1 i tlIe } ~]side W:IIIS of lllc e.twlosurc.
. lhmmal  radiation between the cxtc ( iol irl~ulatioll  surface atId the [ml chamber.

The model material ]mqw tics ve.i(’ t,ike,n frc)tll kn~~wn  ~’alues by ccmlparing model
results to actual test hardwa~e pc] f’f)r t 1 l:triet ‘I”hc dala froln cla-y  2 were used as the
standard which the model is to TLI])rcwt  It. ‘1 ‘Ile mock] mttcrial physics] properties were
taken from known values for lnatrr i:tl’. MCI1 defined, such as alulllinum.  Other model
properties were first estimate41 usillj ~:t}~  It Iccrin{! corlclrttiorl’s atld then improved by
comparing model results to test d;tl;i

● ~-node  “bricks” for the CCML.  m;~[t.r ill of tli~: panels, fol the Rollaccl]  insulation, ancl for
conduction between panels w}lcr c t~ie,  OJ tlta]~

. 4-node “shells for the panel faec st]~:c t\ :iIId clcmxuts

● Point thermal mass on 6 no(ics I() l(~)rlsci)[  the hmtcr I)lock
. Superelement  ( two radiaticm  11 ]ii{l i(m), h emissivil  y for irlsi(le  sur faces of enclosure,

0.2 on outside surfaces

Aluminum panel face SIWC(S all.1 (kls’. outs art rcptcscntcd  by thermal conductivity,
density and heat capacity. ‘l’he Rol Ia;t 1 I irisi~l:itio]) is rep]  (:sentcd  jr! tile same way, except
that the thermal conductivity really 1~’~11 l:scllt\  t}lc SC) ies colductarlce  of the foam insulation
itself and of the small air gaps flo~ll tllc CIICII ~~ure to tile  f(mll and of ttw foam tc) the outer
aluminum foil. The composite pro~)t.]  (its 01 th carlxm fiber and do(ic.uane  are represented
by thermal conductivity and er]thal]~y. I’t IC II 1(.ltinp, ar~d fr~wing,  I)lltisc change transition c)f
dodecane  is modeled as occur]inf,  (wrt a olr~ de.g,rcc spal~,  fl om -10 to -9 OC. In order to
have the model perform similar lo 11]: It:st harciwa?c, tile. followir~g  properties variables
were a(ljustcd  by trial:

● ‘Ilermal conductivity of ir)~L~liitloil  ;Ir I(I ii~t gaps

● Convection coefficient at oulsi(ic  III dcl  SLJ r-faec

● Emissivity  of outside model sul fart
● I{nthalpy  of the carbon fibel / (i(ldc(a!lc Ill;itrix

● 1 lcat capacity of insulation l)]:ittl  ia I vi III L ])tral)pcd  ga< floln tllc. atmosphere

“ ] ’he AN!jYS  FEM mode] Ii;ld !Iw ( I [iil]]k~i air a r](l shI OLKl tcmpc!rature,  and  the
applied heater power duties as tlw ]H(){  I ai I) i~ i] Jut loads ‘J’tlesc loads art’. taken from the day
2 data and applied to the model irl [+ sc[i(s  ()! 30 rnin~lte  ste])s exccj)t its needed for correct
heater on /off times.

l’he solution is run as a tliil~si~[lt II(M linear ttmnml analysis hy applying the loads
in a series of 196 steps. h4(xicl  ((u lp.r;itl]~m ove[ tirm ale e~t[ii~td at nodes which
coincide with thermocouple. l(~atlmls (u) IIIC t(.st haldwalc  in l;i~urt”s 5 :ind 6. ‘1’}le  model
temperature is compared to test ]wsit  i~ ‘Ins for ‘1’( 4, ‘1’C 7 and ‘1’(: 14 of the WEE. The
mode] is seen to correspond W(OI I 10 Ic St, ivitl] some ilnl)lovelncn[ expected as model
properties are readjusted. I;igurc ‘i s}l(l~~’s Ill KM teln~matulm  il~ stcl)s of 45 minutes into
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the melting of the PCM . ‘J’hc plol illl]<[lall.i the p] ogrt’ssivc  md{ir~g of phase-change
material.

The ];IiM model is semi to furl([i(m  III a realistic marmct, with the. capability to
fur[her refine the results re]ativc to tlw CX}K’)  ilncnta] lc’suits. ‘1’l)c  ~mxk.1 exterior surface
temperature (at ‘I-C 14) follows tile cxlxtil[l:l~tal rc.suits t]uitc  WCII, with only a 2 to 3
degree maximum variation front lIw Icst rtsu]t \ ‘1’his nmdc.1 tempmtul  c. has been seen to be
strongly affected by the convtxliwl  (o:fl i~i(. I It (,039 W/l n “K for this ran) and little by
including radiation at .1 emissi~ily.

Based on the model rcspol 1 w 10] tll~ he.atc.r bkx:k and the itltcrior PCM p a n e l
temperatures ( TC 4 and TC 7), 11 K ]~ md(:l heat capacity is C1OSC to that of the test
hardware. Some of the variatimi at tlir IIC;{(CI  I )Iock is cxpuw.ci  to IK duc to the likelihood
that the aluminum heater block is Iqm”wIIIrd In an am smnc-what smaller than the actual
size. The insulation thcm~al  ~(llldll<~ivlt)’  (.032 W/1 n[’K for [his ~ un ) can also be further
adjusted and may be balance(i  I)y s~l 1:)11  c tlilngrs it) thr heat ca]]acity  of the carbon
fiber/(iodccanc.

The l~l{M model provi(]cs a I{}wI et):. ~ nwatls to o~~lir[liz.e.  l}IC Warm Electronic
llnclosure  design by nlinimizinf, cxi~, )i]l~~ll{al trsting.  ‘1’his Inodcling  t e c h n i q u e  h a s
application to the design of thmln ai t-.tl(lcwurt  IIar(iwalc.. 1’CM palw.]  thickness and phase
change compound mass, as WC]] aII(i ~11~.ui:l[ion  thickness can be quickly adjusted in a
computer model. The themlal lm for 111:1 11(.i. ( It) be ]mxiie.tcd  arl(i  a(ijustmcnts  can be made
in the design.

S u m m a r y

The use of phase ch:lrlfc II I:i ICr iali,  providrs fill cfficicnt  means to moderate
tcmpcrat  ures for electronic cnclosu t CS 1’(u f~ltule  Mars larl(icIs.  CI”lIC gral)hite f iber  P C M
panel design eliminates priol- cycle 1 ifc i m)l )Ic 1 J)S of phase chatlgc i)ancls, and provides an
efficient thermal and structural CO II1” I{ 111  ilti(~[l th8t can be ir~tegrat(xi  into a low mass
structural design. Interior tem]m a(lllt’.  of c 1(.ctronic  enc]osurcs  are moderated by the use
of PCM panels, minimizing, thmmal ~al iat~oI~~ of an insuliition oniy (Icsig,n.  This behavior
is predicable, and repeatable, arid is cas I i} n~(~icle(i  to predict h Inal ]nformance.
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